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An x-ray photoemission electron microscope (X-PEEM) equipped
with a hemispherical energy analyzer is capable of fast acquisition
of momentum-resolved photoelectron angular distribution patterns
in a complete cone. We have applied this technique to observe
the 3-D ðE; kx; kyÞ electronic band structure of zero-, one-, and
two-monolayer (ML) graphene grown ex situ on 6H-SiC(0001)
substrates where a carbon buffer layer (zero ML) forms underneath
the graphene layer(s). We demonstrate that the interfacial buffer
layer can be converted into quasi-free-standing graphene upon
intercalation of Li atoms at the interface and that such a graphene is
structurally and electronically decoupled from the SiC substrate.
High energy and momentum resolution of the X-PEEM, along with
short data acquisition times from submicrometer areas on the surface
demonstrates the uniqueness and the versatility of the technique
and broadens its impact and applicability within surface science
and nanotechnology.

Introduction
Mapping of the electron band structure or the Fermi surface
of a solid using angle-resolved photoelectron spectroscopy
(ARPES) is commonly quite tedious and time consuming
[1, 2]. The technique requires the mechanical scanning
of the sample at least in one direction, and many
photoelectron spectra typically have to be collected in order
to fully determine the energy and the momentum of the
electron states in the Brillouin zone. In this paper, we show
that an energy-filtered x-ray photoemission electron
microscope (X-PEEM) is capable of fast acquisition of
momentum-resolved photoelectron angular distribution
patterns. By imaging the diffraction plane of the objective
lens [3], an energy slice of the photoelectron angular
distribution pattern from a very small ðG 1 �mÞ area on the
surface can be directly collected in a complete cone and
projected on the screen. The microspectroscopy capability of
the X-PEEM is well known; however, for the photoelectron
angular distribution pattern from a nonhomogeneous
sample, i.e., a sample with more than one stable phase on the
surface, one has to be careful when acquiring data from

different phases. The photoelectron angular distribution
pattern is collected in a wide cone of angles. This means that
no contrast aperture is used during the data acquisition,
and photoelectrons from a much larger region [than that set
by a selected area aperture (SAA)] on the surface may go
through the optical system of the microscope (due to
spherical aberration of the objective lens). To restrict the
aberrations, we use an extremely small SAA and probe a
submicrometer (800 nm) area of the sample. We first apply
this technique to observe the 3-D ðE; kx; kyÞ electronic band
structure of zero-, one-, and two-monolayer (ML) graphene
grown ex situ on 6H-SiC(0001) substrates where a carbon
buffer layer (zero ML) forms underneath the graphene
layer(s). In addition, we demonstrate that the interfacial
buffer layer can be converted into a quasi-free-standing
graphene upon intercalation of Li atoms.
The potential of graphene, i.e., a 2-D sheet of sp2-bonded

carbon atoms arranged in a honeycomb lattice, for advanced
nanoelectronics applications has been abundantly
demonstrated [4–6]. Among different methods of graphene
preparation, the thermal decomposition of the SiC(0001)
surface in ambient gas proved to be very successful to
prepare large and homogeneous areas of single-layer
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graphene on the SiC surface [7]. When epitaxial graphene
layers are formed on SiC(0001), the first carbon layer
(known as the Bbuffer[ or Binterfacial[ layer) does not have
the desirable electrical properties of graphene due to a
disruption of the graphene �-bands by strong hybridization
with the SiC substrate. The undesired effects originating from
this strong coupling, such as intrinsic n-type doping and
degraded transport properties, affect the overlying graphene
layers. Most of the remaining problems regarding the
graphene application are related to the presence of the buffer
layer. It was shown [8–10] that quasi-free-standing
epitaxial graphene can be obtained on SiC(0001) by
hydrogen intercalation. In this paper, we demonstrate
that the interfacial layer can be also converted into
quasi-free-standing graphene upon the intercalation of
Li atoms at the interface. The topmost Si atoms, which,
for epitaxial graphene, are covalently bound to the buffer
layer, are now saturated by lithium bonds. Evolution of the
electronic band structure of the buffer layer during the
intercalation process toward quasi-free-standing graphene
was studied using an energy-filtered X-PEEM.

Experiment
Epitaxial graphene was grown on nominally on-axis
6H-SiC(0001) substrates in an inductively heated furnace
under highly isothermal conditions at a temperature of
2,000 �C and at an ambient argon pressure of 1 atm [7].
The morphology, the thickness, and the electronic band
structure of the graphene layers were investigated using a

commercial low-energy electron microscope (LEEM;
LEEM III, Elmitec GmbH) installed at the undulator
beamline I311 of the synchrotron radiation facility MAX-lab
in Lund. The linearly s-polarized radiation of the first
harmonics of the undulator was used for the excitation, which
is a normal incident to the sample surface (synchrotron light
goes through the beam separator of the microscope).
The energy filtering function is realized by utilizing a
hemispherical analyzer in the electron optical path, and the
lenses of the image column independently transfer the image
plane and the back focal plane of the objective through the
system. It is possible to switch between energy-filtered
images of the surface and energy-filtered photoelectron
emission angular distribution [3, 11–14]. A few MLs of Li
were deposited in situ from a metal dispenser [Electrical
Appliances and Scientific Society (SAES) Getters], and
subsequent, annealing steps were carried out live in front of
the objective lens. For the measurements presented here, the
accelerating voltage of the microscope was 20 kV, and the
projection optics was set to give a field of view of about
�2 Å–1 in the momentum space; the settings readily cover
the first and a part of the second Brillouin zone of graphene.

Results and discussion
To demonstrate the power of the X-PEEM for the fast
acquisition of momentum-resolved photoelectron angular
distribution patterns in a complete cone, we first collected
data from a one-ML graphene sample with two-ML islands
on it. Figure 1(a) shows a typical LEEM image from such a

Figure 1

Low-energy electron microscope (LEEM) image (a) from an ex situ grown sample of one-monolayer (ML) graphene with two-ML islands; electron
energy is 4.6 eV. Electron diffraction: �-LEED images (400-nm sampling area) acquired at 60-eV electron energy from (b) one-ML and (c) two-
ML areas. Photoelectron diffraction: high energy resolution 2-D ðkx; kyÞ maps for (d) one-ML and (e) two-ML graphene taken at an electron binding
energy of 2.5 eV below the Fermi level. Two �-bands are clearly seen from the two-ML island. The photon energy is 35 eV, and the energy resolution
is set at 0.15 eV.
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surface. The number of graphene layers can be immediately
identified from the electron reflectivity curves (not shown),
which demonstrate one minimum for one-ML area and two
minima at the island areas. Based on earlier observation
[7, 15] of the variation in the reflectivity with electron energy
from graphene samples, one can conclude that islands in the
LEEM image in Figure 1(a) correspond to two-ML graphene.
Diffraction patterns [micro-low-energy electron diffraction
(LEED)] originating from one- and two-ML areas
[see Figure 1(b) and 1(c), respectively] show a distinct
decrease in spot intensities around the main graphene spots
for a two-ML island. Area-selected azimuthal distributions of
the photoelectron intensity can be recorded by placing the
SAA either on the one-ML surface or a two-ML island.
In Figure 1(d) and 1(e), 2-D momentum-resolved
photoelectron angular distribution patterns are shown at a
2.5-eV binding energy from a small (800 nm) area for one- and
two-ML islands [see Figure 1(d) and (e), respectively].
For the two-ML island, the second �-band in the electronic
band structure becomes clearly observable [see Figure 1(e)].
This demonstrates the microspectroscopy potential of the
X-PEEM in photoelectron angular distribution mode when
spherical aberrations of the objective lens are limited by
using a small-enough sampling area on the surface.
In Figure 2, 2-D ðkx; kyÞ photoelectron angular distributions
are shown as a function of electron energy down to 4 eV

below the Fermi level. The shape of the well-known
graphene band structure with the Dirac points approximately
0.4 eV below the Fermi level [16] is clearly reproduced in
Figure 2. The binding energy in the bottom-right image is
0.2 eV above the Dirac point. The energy resolution
for the energy scan was set to 0.4 eV, and the acquisition
time of such a 2-D band structure map is quite short
(about a minute per image, i.e., for one energy slice)
compared with that of the usual ARPES. When higher energy
resolution is needed, e.g., to resolve two �-bands for
two-ML graphene [see Figure 1(e)], a smaller exit slit of the
analyzer is used. The data set in Figure 1(e) was taken at
an energy resolution of approximately 0.15 eV, and the
image average acquisition time per image then increased up
to several minutes. For the momentum resolution, an upper
bound can be evaluated from extracted line profiles of the
photoelectron intensity. The full width at half-maximum is
estimated as 0.09 Å–1 in momentum space at the 27-eV
kinetic energy. Aside from the instrument resolution,
the width has contributions from electron–phonon and
electron–electron interactions.
Now, we turn to the problem of the buffer layer, which

compromises the performance of the true graphene layer(s)
grown on top of the buffer layer. It is known that the buffer
layer can be lifted up and transferred to a free-standing
graphene by exposing the surface to atomic hydrogen [8–10].

Figure 2

Energy-resolved 2-D ðkx; kyÞ maps for one-ML graphene given by the angular distribution of photoelectrons acquired at a photon energy of 35 eV.
The binding energy is indicated at each image. The images are collected from an area of 800-nm diameter on the surface. The energy resolution was
set at 0.4 eV.
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Recently, electronic decoupling of an epitaxial graphene has
been also demonstrated by gold intercalation [17]. There
were speculations that hydrogen saturates Si bonds and
decouples the buffer layer from the substrate since it is not
possible to detect hydrogen in photoelectron spectroscopy.
In this paper, we used Li metal for intercalation to have full
control over the intercalation process due to the readily
detectable Li 1s core level [18]. The sample for this paper
was the pristine buffer layer graphene that turned into a
quasi-free-standing graphene layer after Li intercalation.
This sample was prepared under conditions similar to those
used in the sample shown in Figure 1 but annealed for a
shorter time. In Figure 3, mirror-mode micrographs, along
with micro-LEED patterns, are shown in the same area of the
sample without (top row) and with (bottom row) intercalated
lithium. One can see that the pristine surface before
intercalation contains small stripes of one-ML graphene
(white areas in the top-left image) and is thus not
homogeneous. The contrast in the image is due to different
reflectivity of zero- and one-ML areas at the chosen electron
energy. After lithium treatment, the surface becomes even
more nonhomogeneous due to the formation of Li droplets
(black dots in the top-right image). This demonstrates the

advantage and need to use a real microscopy technique to
reveal the electronic band structure of the intercalated buffer
layer. The contrast in the top-right image has markedly
changed due to the formation of a dipole layer at the
surface/interface region, originating from the electron doping
of graphene after Li intercalation [18]. This is manifested by
a 2-eV lower electron energy used for the top-right mirror
image and a 2-eV shift of the C1s and Si2p bulk SiC
photoelectron peaks (not shown). For the pristine buffer
layer, the LEED pattern shows intense superstructure spots
(bottom-left image) due to the covalent bonding to the SiC
substrate. After lithium treatment, the superstructure spots
are barely seen (bottom-right image), which suggests the
absence or the weakening of the interlayer bonding. This is
already an evidence of a geometrical decoupling of the
interface layer from the substrate. Aside from these structural
aspects, the lithium treatment has a dramatic effect on the
electronic structure of the intercalated samples. Most
obviously, it is demonstrated by measured
momentum-resolved photoelectron angular distribution
patterns before and after intercalation. The angular
distribution patterns were collected from the same marked
area in the upper row of Figure 3 far enough away from
one-ML stripes and Li droplets. In Figure 4, such a
comparison is made for four chosen electron energies.
For a pristine zero layer, only very faint delocalized and
smeared-out states can be seen below the 1-eV binding
energy, and no �-bands are visible close to the Fermi level.
However, after lithium treatment, the linear dispersing
�-bands of ML graphene appear. The energy resolution for
this band mapping was set to 0.4 eV, but the angular
distribution pattern for energies close to the Fermi level
[Figure 4, bottom row, rightmost image] displays quite
sharp energy bands, which are much sharper than the
symmetrical structure 1 eV below the Dirac points
[see Figure 4, bottom row, second image]. The reason for
this is that, when going from occupied to unoccupied states at
the Fermi wave vector, one will get a sharp cutoff given
by the Fermi function that is much narrower than the analyzer
resolution. Thus, the band mapping of the Fermi surfaces
can be conducted at higher energy resolution than set by
the energy analyzer. Figure 4 clearly shows that, after
intercalation, quasi-free-standing one-ML graphene is
strongly n-doped since the Dirac points move away from the
Fermi level by approximately 1 eV. Based on the linear
dispersion of the density of states near the Dirac point [19],
the electron carrier concentration of doped graphene can be
estimated using the following equation:

Ne ¼
ðEf � EdÞ2

�ðhVf Þ2
;

where Ne is the electron areal density, Vf � 106 m/s is the
Fermi velocity of graphene, h is Planck’s constant, Ef and

Figure 3

Mirror image of the zero-ML buffer layer surface (top left) before and
(top right) after Li intercalation with the corresponding LEED patterns
collected from the circular marked area in the center of the images.
Electron energy is þ0.5 eV for the pristine buffer layer mirror image
and �1.6 eV for the intercalated one. The much lower electron energy
after intercalation is due to the change in the work function of the
Li-covered surface. The electron energies for the corresponding LEED
pattern are 30 and 40 eV before and after intercalation, respectively.
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Ed are the energy position of the Fermi level and the
Dirac point, respectively. After lithium deposition and
intercalation, the n-type doping of the free-standing graphene
shifts the graphene band down by approximately 1 eV with
respect to the Fermi level, and hence, Ef moves to 1.2 eV
above the Dirac point [see Figure 4, bottom row, third image].
From the aforementioned equation, the electron density is
estimated to be around 1:0� 1014 cm�2, suggesting the
effective electron doping of free-standing graphene by
lithium electrons.

Summary
In this paper, we have demonstrated that the energy-filtered
X-PEEM is capable of the fast acquisition of
momentum-resolved photoelectron angular distribution
patterns in a complete cone from submicrometer areas on the
surface. We have applied this technique to observe the 3-D
ðE; kx; kyÞ electronic band structure of zero-, one-, and
two-ML graphene grown ex situ on 6H-SiC(0001) substrates
that have a carbon buffer layer (zero ML) underneath the
graphene layer(s). We have shown that the distinct
differences in the �-band structure for a different number of
graphene layers are clearly reflected in recorded angular
distribution patterns. The technique has been thus shown to
work for a nonhomogeneous sample, i.e., a sample having
more than one stable phase on the surface, when a
small-enough sampling area is probed to limit the spherical
aberrations of the objective lens. We have also demonstrated
that the buffer layer is turned into a quasi-free-standing
graphene layer by lithium intercalation. The lithium

passivates the underlying topmost Si atoms, donates
electrons to the graphene layer, and produces a dramatic
change in the electronic structure. The appearance of the
typical linear �-bands during intercalation has been followed
using the X-PEEM. The results presented demonstrate the
uniqueness and the versatility of high-energy and
momentum-resolved X-PEEM and broaden the applicability
and the impact of this technique within surface science
and nanotechnology.
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M. Hundhausen, L. Ley, H. B. Weber, and T. Seyller,
BQuasi-freestanding graphene on SiC(0001),[ Mater. Sci. Forum,
vol. 645–648, pp. 629–632, 2010.

11. R. M. Tromp, Y. Fujikawa, J. B. Hannon, A. W. Ellis,
A. Berghaus, and O. Schaff, BA simple energy filter for low energy
electron microscopy/photoelectron emission microscopy
instruments,[ J. Phys., Condens. Matter, vol. 21, no. 31,
pp. 314007-1–314007-13, Aug. 2009.

12. P. Sutter, M. S. Hybertsen, J. T. Sadowski, and E. Sutter,
BElectronic structure of few-layer epitaxial graphene on Ru(0001),[
Nano Lett., vol. 9, no. 7, pp. 2654–2660, Jul. 2009.

13. E. Sutter, D. P. Acharya, J. T. Sadowski, and P. Sutter, BScanning
tunneling microscopy on epitaxial bilayer graphene on
ruthenium (0001),[ Appl. Phys. Lett., vol. 94, no. 13,
pp. 133101-1–133101-3, Mar. 2009.

14. P. Sutter, J. T. Sadowski, and E. Sutter, BGraphene on Pt(111):
Growth and substrate intercalation,[ Phys. Rev. B, vol. 80, no. 24,
pp. 245411-1–245411-10, Dec. 2009.

15. H. Hibino, H. Kageshima, F. Maeda, M. Nagase, Y. Kobayashi,
and H. Yamaguchi, BMicroscopic thickness determination of thin
graphite films formed on SiC from quantized oscillation in
reflectivity of low energy electrons,[ Phys. Rev. B, vol. 77, no. 7,
pp. 075413-1–075413-7, Feb. 2008.

16. T. Ohta, A. Bostwick, J. L. McChesney, T. Seyller, K. Horn, and
E. Rotenberg, BInterlayer interaction and electronic screening
in multilayer graphene investigated with angle-resolved
photoemission spectroscopy,[ Phys. Rev. Lett., vol. 98, no. 20,
pp. 206802-1–206802-4, May 2007.

17. I. Gierz, T. Suzuki, R. T. Weitz, D. S. Lee, B. Krauss, C. Riedl,
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